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We study the one-body momentum distribution at different densities in nuclear matter, with
special emphasis on its components at high momentum. Explicit calculations for finite neutron-
proton asymmetry, based on the ladder self-consistent Green’s function approach, allow us to access
the isospin dependence of short-range correlations and elucidate their role in neutron-rich systems.
We find that high-momentum components are determined by the density of each sub-species and
we provide a new asymmetry scaling of high-momentum components. We use different realistic
nucleon-nucleon interactions to quantify the model dependence of our results.
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I. INTRODUCTION
Short-range correlations (SRC) have been unambigu-
ously identified in a variety of nuclear and hadronic
physics experiments [1–8]. Their presence is subtle at
the one-body level because they occur at large missing
energy and not near the Fermi energy [3]. At the two-
body level, these correlations must occur at all energy
scales on account of the expected reduction of the am-
plitude for nucleons to be found at small relative dis-
tances. Ultimately, these two-body correlations are also
responsible for the high-momentum components of the
single-particle distribution. The quantitative structure
of the neutron and proton high-momentum components
can now be accessed experimentally [4, 6, 7]. A clear
manifestation of these correlations is the population of
high-momentum components of the single-particle mo-
mentum distribution [9, 10]. The existence of such com-
ponents, in turn, involves a necessary depletion of the
low-momentum single-particle strength to conserve the
total density [11]. Green’s functions techniques are ide-
ally suited to study such effects, as they can incorporate
SRC via ladder summation techniques in a self-consistent
Green’s function description (SCGF) [12], including a
complete treatment of off-shell effects. Moreover, many-
body approximations can be formulated to preserve ba-
sic conservation laws, including the density normalization
[13].
Experiments indicate that two-body correlations are
dominated by neutron-proton components [6]. This sug-
gests that tensor correlations, in addition to SRC, can
play a role in the high-momentum structure of the nu-
clear wave function [14]. Tensor and SRC act in some-
what different momentum regions, however. A distinc-
tion between the two is presumably possible if suitable
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momentum cuts are applied. One expects that a sizable
population in the neutron-proton (np) two-body density
matrix translates into a relatively large population in
the one-body momentum distribution. Theoretical cal-
culations of the latter are challenging, as one needs to
treat and model nuclear short-range components within
a many-body environment.
Revisiting theoretical descriptions of high-momentum
components is particularly timely, in view of the recently
found correlation between the EMC effect and SRC [15–
17]. Data are now available for a relatively large selec-
tion of nuclei, which has allowed for the empirical deter-
mination of the density dependence of parameters that
quantify SRC. Whereas there is still a discussion regard-
ing two-body center-of-mass (and other) corrections in
establishing the connection between theory and experi-
ment [16, 18], the qualitative guidance generated by such
experiments is very valuable. We will discuss the den-
sity dependence of such correlations using numerical data
for both isospin symmetric and asymmetric nuclear mat-
ter. In particular, we will discuss the impact of a finite
isospin polarization on SRC. We will also highlight the
importance of tensor components in a relatively high-
momentum region.
In addition, several groups have recently tried to pro-
vide scaling arguments for the effect of SRC in nuclei
[18–22]. In practice, one aims at identifying how these
effects change with particle number and if they are dom-
inated by the number of particles or by the number of
pairs. From an infinite-matter perspective, if one stays
at the one-body level, total and partial nucleon densities
are the more obvious available quantities for such a scal-
ing. In the following, we will illustrate how the two are
connected in the SCGF approach. We will base our anal-
ysis on the isospin asymmetry dependence of the dilute
Fermi gas (DFG) in the high-momentum limit (see the
Appendix for details) [23, 24]. We limit our discussion to
the one-body momentum distribution, but note that the
two-body distribution can be accessed in our formalism
2[25].
The variation of the results with the underlying
nucleon-nucleon (NN) interaction provides an indication
of the robustness of the physical effects at play. We
choose four NN forces, with very different short-range
and tensor components, to explore the widest possible
range. We thereby aim to reduce model dependence
and to identify trends within our many-body summa-
tion technique. The Argonne v18 (Av18) represents a
phenomenological parametrization in real space, includ-
ing 18 spin-isospin operators [26]. It is a typical ex-
ample of a particularly strong, but finite, short-range
core. The charge-dependent Bonn (CD-Bonn) interac-
tion is based on a meson-exchange picture and provides
a very accurate fit to the two-body sector [27]. Its
short-range core is softer than Av18, which yields less
high-momentum components. We also use the Idaho
N3LO chiral-perturbation-theory potential of Ref. [28].
Its low energy constants are fitted to reproduce the two-
body sector with a large accuracy in a χ2 procedure (see
Ref. [29] for an alternative fitting strategy). Due to its
very nature, as an effective-field-theory potential, the in-
teraction requires a momentum cut-off, which is chosen
at 500 MeV. In general, this NN force induces relatively
few high-momentum components in the many-body wave
function. This is particularly true beyond the cut-off mo-
mentum, where the potential is not expected to apply.
These three NN interactions are phase-shift-equivalent.
In contrast, we will also display a few results obtained
with the Av4’ reduction of Av18 [30]. This potential does
not reproduce experimental NN scattering phase shifts.
In particular, it lacks tensor terms, but it is built to repro-
duce the deuteron binding energy. Av4’ is therefore use-
ful in assessing the importance of tensor correlations in
the nuclear medium. A detailed analysis of the energy of
nuclear and neutron matter with different versions of the
Argonne potential has been recently reported in Ref. [31].
In the following, we will neglect the effect of three-
body forces. Recent calculations indicate that the isospin
asymmetry dependence of SRC is relatively insensitive to
the presence of three-body interactions, at least around
saturation density [32]. We note, however, that the usual
BHF approach to include effective two-body forces ob-
tained from three-body interactions by a simple density
folding is not consistent with a diagrammatic expansion
including antisymmetrized matrix elements [33]. More-
over, the density folding in isospin asymmetric matter has
not been fully implemented [34]. Hence, a fully quanti-
tative answer to this issue is still missing.
The present study complements, from a microscopic
perspective, a series of recent analyses of the impact of
high-momentum components on isovector properties [35–
37]. Both schematic and purely microscopic calculations
with different methods have identified the effect of SRC
in the kinetic component of the symmetry energy. In gen-
eral, a correlated system has a larger kinetic energy than
its uncorrelated counterpart. The redistribution of one-
body strength underlying this increase, however, is dif-
ferent for different asymmetries. In particular, the asym-
metry dependence is milder in the correlated case, which
leads to a smaller kinetic symmetry energy. At low densi-
ties, this component can even become negative. Whether
or not this reduction affects the observable bulk proper-
ties of neutron-star matter is still under discussion.
II. FORMALISM
A particularly relevant question, in view of recent ad-
vances [20, 21], is the dependence of SRC with isospin
asymmetry. In an arbitrarily isospin-polarized system,
effects dominated by np pairs will have a different asym-
metry dependence than those due to same-isospin pairs.
This can potentially have observable implications on
single-particle properties. Here, we look at the problem
from the perspective of isospin asymmetric nuclear mat-
ter [38]. We will characterize isospin asymmetry using
either the proton fraction, xp =
ρp
ρn+ρp
, or the isospin
asymmetry parameter,
β =
ρn − ρp
ρn + ρp
= 1− 2xp . (1)
In practice, our calculations are performed at finite tem-
perature to avoid instabilities associated with pairing so-
lutions [11, 39, 40]. While a proper treatment of pairing
can be implemented [41], it is not relevant for the discus-
sion of high-momentum components. In the following,
all the results have been computed at a low temperature
of T = 5 MeV. Although not shown here explicitly, we
have checked that our conclusions are not seriously af-
fected by working at finite temperature. We note that
the high-momentum region is dominated by NN corre-
lations rather than thermal effects [11], and hence it is
insensitive to temperature.
Correlations have a particularly clear manifestation in
the single-particle momentum distribution [11],
nτ (k) = 〈a†τ (k)aτ (k)〉 , (2)
where a†(k) (a(k)) is the creation (destruction) opera-
tor of a single-particle excitation with momentum k and
isospin index τ = n, p. The average, 〈·〉, is taken over
a complete thermal set of many-body states [12]. Our
aim is to quantify how one-body high-momentum com-
ponents evolve with density and isospin asymmetry. To
access these density and asymmetry dependences, we per-
form SCGF calculations at arbitrary densities and isospin
asymmetries [40]. We provide here a concise explanation
of the ladder SCGF method. A detailed description of
the numerical techniques employed in its resolution can
be found elsewhere [40, 42].
The numerical simulations are obtained from a self-
consistent summation of ladder diagrams in the two-body
sector which accounts consistently for SRC and tensor
effects. This is achieved by means of an in-medium
3Lippmann-Schwinger equation, which can be schemati-
cally represented as:
Tτ+τ ′ = Vτ+τ ′ + Vτ+τ ′G0II,ττ ′Tτ+τ ′ . (3)
The sums τ + τ ′ stand for the three relevant channels
for in-medium scattering in asymmetric matter, namely
neutron-neutron (nn), proton-proton (pp) and np. The
isospin-dependent NN interaction, V , is summed to all
orders to obtain a well-behaved in-medium effective inter-
action, or T −matrix. We solve the Lippmann-Schwinger
equation using matrix techniques with up to J = 4 par-
tial waves in all isospin channels.
In-medium scattering is mediated by a lowest-order
two-body propagator, G0II,ττ ′ , that accounts for both
particle-particle and hole-hole correlations and incorpo-
rates off-shell effects completely. In asymmetric matter,
the different isospin elements of this propagator are given
by:
G0II,ττ ′(k, k
′; Ω) = (4)∫
dω
2pi
dω′
2pi
G<τ (k, ω)G<τ ′(k′, ω′)− G>τ (k, ω)G>τ ′(k′, ω′)
Ω− ω − ω′ + iη .
The two components of the single-particle propagator,
G<τ and G
>
τ , are related by a Kubo-Martin-Schwinger re-
lation [23]. They can also be linked to the single-particle
spectral function, Aτ ,
G<τ (k, ω) = fτ (ω)Aτ (k, ω) , (5)
G>τ (k, ω) = [1− fτ (ω)]Aτ (k, ω) , (6)
using the Fermi-Dirac distribution of each species,
fτ (ω) = [1 + e
ω−µτ
T ]−1. The chemical potential, µτ , is
found from the integral of the momentum distribution,
nτ . We normalize the distribution to unity:∫ ∞
0
dk k2nτ (k) = 1 , (7)
which allows for clear comparisons with a finite system
like the deuteron [8]. The momentum distribution is
related to the single-particle propagator via a density-
dependent factor:
nτ (k) =
2
pi3ρτ
∫ ∞
−∞
dωG<τ (k, ω) . (8)
The combination of the two expressions, Eqs. (7) and
(8), provides a non-trivial connection between the partial
density, ρτ , and the chemical potential, µτ .
Self-consistency is imposed all the way through in our
calculations. The single-particle propagators that enter
Eq. (4), for instance, are obtained from the T −matrix
itself. In the ladder approximation, this effective inter-
action defines the imaginary part of the (retarded) self-
energy:
ImΣτ (k, ω) =
∑
τ ′
∫
d3k′
(2pi)3
∫
dω′
2pi
[fτ ′(ω
′) + bτ,τ ′(ω + ω′)]
× 〈kk′| Im Tτ+τ ′(ω + ω′) |kk′〉AAτ ′(k′, ω′) ,
(9)
which acquires different contributions from equal and
unequal isospin partners. The difference arises from
both the fermionic, fτ (ω), and bosonic, bτ,τ ′(Ω) =
[e
Ω−µτ−µτ′
T − 1]−1, phase-space factors. Furthermore,
there is also an isospin dependence associated with the
isospin-channel-dependent retarded T −matrix, which is
properly antisymmetrized in the relevant channels.
The dispersive contribution to the real part of the self-
energy can be obtained from a dispersion relation [12].
The generalized, instantaneous Hartree-Fock contribu-
tion,
ΣHFτ (k) =
∑
τ ′
∫
d3k′
(2pi)3
∫
dω′
2pi
〈kk′|Vτ+τ ′ |kk′〉A
×G<τ ′(k′, ω′) , (10)
must be included as well. We consider up to J = 8 par-
tial waves in the calculation of this contribution, which
is relevant for in-medium quasi-particle shifts. The solu-
tion of the Dyson equation generates the single-particle
spectral function:
Aτ (k, ω) = −2ImΣτ (k, ω)
[ω − k22m − ReΣτ (k, ω)]2 + [ImΣτ (k, ω)]2
.
(11)
Feeding this spectral function into Eqs. (4)-(6), one ob-
tains a self-consistency loop that treats all particles in the
same manner, providing feedback to the different ingre-
dients of the calculations. This goes beyond the scope of
other approaches in providing an asymmetry-dependent
spectral function and hence a fully correlated description
of the microscopic properties of the system. In addition,
macroscopic bulk properties can be accessed by means of
sum-rules and the Luttinger-Ward formalism [11, 37, 40].
III. DENSITY DEPENDENCE OF
SHORT-RANGE CORRELATIONS
In our previous work, we have investigated the asym-
metry dependence of the (depleted) low-momentum com-
ponents of the one-body momentum distribution [11]. In
that case, because the dependence on momentum below
the Fermi surface is particularly mild [43, 44], one can fo-
cus on the single, lowest available momentum k = 0. In
contrast, any attempt to quantify effects associated with
high momenta will necessarily depend on the definition of
such “high momenta”. Here, we define high-momentum
regions as ranging from ∼ 400 to ∼ 850 MeV. At the
lower end, this is far enough from the Fermi surface to
avoid effects associated to its smoothing with temper-
ature at different asymmetries1. At the high end, this
1 This momentum is also close to point at which a pure S−wave
deuteron would have a node in the momentum distribution, see
right panels of Fig. 1.
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FIG. 1. (Color online) Momentum distribution for neutrons (upper panels) and protons (lower panels) in asymmetric nuclear
matter. Different panels correspond to different NN interactions, from left to right: Argonne v18, CD-Bonn, N3LO and Av4’.
Lines represent data obtained at different proton fractions. We also show, for comparison, the momentum distribution of the
deuteron (dotted line) associated with each interaction.
range represents the limit at which momentum distribu-
tions stop scaling, as we shall see next. Within high-
momenta, we also define a “tensor-dominated” momen-
tum region, ranging from k ∼ 400 to k ∼ 550 MeV (see
below for details).
We start the discussion by showing in Fig. 1 the mo-
mentum distribution of neutrons (upper panels) and pro-
tons (lower panels) at different asymmetries for a fixed to-
tal density of ρ = 0.16 fm−3 and a temperature of T = 5
MeV. The different columns represent results obtained
with different NN interactions. We focus our attention
on the high-momentum region, well above the Fermi sur-
face, and hence plot our results in a logarithmic scale.
Overall, we note that the high-momentum components
change very little when the isospin asymmetry is modi-
fied. This suggests that, when the momentum distribu-
tion is normalized to unity, high-momentum components
are basically determined by the total density of the sys-
tem.
We compare the results of asymmetric infinite matter
to the corresponding deuteron momentum distribution,
shown as the dotted line. Qualitatively, and as expected,
the high-momentum components in the momentum dis-
tribution of nuclear matter are qualitatively similar to
those of the corresponding deuterons. For the phase-
shift equivalent interactions, we identify an area, in the
momentum region 400 − 550 MeV, where the slopes of
the two distributions are very much alike. In contrast,
Av4’ results (rightmost column), which lack tensor ef-
fects, show a node in the momentum distribution in this
region. This confirms that the deuteron momentum dis-
tribution in this area is dominated by tensor effects, as
observed in previous studies [14]. From now on, we will
call this the “tensor-dominated” region. We will quantify
the agreement between the two momentum distributions
in the tensor-dominated region later on.
Looking at the high-momentum components in more
detail, we observe that the intrinsic momentum cut-off
of N3LO shows up naturally in the momentum distribu-
tion (third column). The distribution displays a sharp
decrease above 500 MeV, absent in the other NN inter-
actions. In particular, the deuteron momentum distribu-
tion data obtained in Ref. [45] will not be reproduced for
such a soft interaction (or for an interaction with no ten-
sor terms, such as Av4’). One can debate whether such
high-momentum components are physically-motivated in
NN interactions [46, 47], but their presence in the many-
body wave function seems unquestionable. While the
short-range part of the NN interaction is not constrained
by a fit to scattering data, we note that all experiments
indicate that no sharp drop associated with a cut-off can
be expected [8, 45] . We therefore adopt the interpreta-
tion that the short-range part of relative NN wave func-
tions must be suppressed because the probability to find
two intact nucleons at such distances must vanish on ac-
count of their intrinsic structure. Which NN interaction
is to be preferred can then be benchmarked by demand-
ing an appropriate description of the modest 10% of nu-
cleons with momenta not contained in the mean field,
as measured, for instance, in Ref. [3]. Moreover, calcula-
tions with different short-range NN forces provide a range
of theoretical results. One can take this spread as a mea-
sure of the uncertainty in the short-range description of
NN interactions.
We identify a small decreasing (increasing) trend in
the neutron (proton) high-momentum components as the
5system becomes more neutron rich, which we will analyze
in more detail in Section IV. Above 600 MeV, the infi-
nite matter results overshoot the deuteron ones. This
happens for all interactions, including Av4’. We take
this as an indication of the larger importance of SRC in
a dense system compared to the dilute deuteron bound
state. In particular, the latter has a number density of
ρ ∼ 2/(4pi(5/3)3/2r3d/3) ∼ 0.02 fm−3, where rd is the
deuteron charge radius. This density is well below satu-
ration, where the results of Fig. 1 were obtained. We note
that the SRC overshooting occurs well above the tensor-
dominated region and hence the two regions should be
distinguishable by applying momentum cuts.
One can quantify in more detail the similarity between
nτ (k) and nd(k), as well as the gradual overshoot at high
momenta, by looking at the ratio of the two momentum
distribution. This ratio is shown in continuous lines in
Fig. 2 for different densities (columns) and three phase-
shift equivalent interactions (rows). We draw three rele-
vant observations from this figure.
First, there is a well-defined region in momentum
where both distributions have similar momentum depen-
dences at sub-saturation densities. Qualitatively, one can
take this plateau region as an indication of the dominance
of tensor correlations. The latter are of a similar nature
in the deuteron and in the medium and hence lead to
equivalent momentum dependences in the distribution.
There are arguments in favor of such similarity, from ei-
ther hard-scattering physics [9] or factorization in the
operator-product expansion [48].
Second, the ratio of the two distributions increases
with density. This is most clearly seen in the tensor-
dominated region, suggesting an increase in importance
of tensor-like correlations with density. Since the rele-
vant densities of nuclei are fairly similar to those of the
deuteron, one should expect to see similar plateaus in fi-
nite systems [45]. Also, dense systems should have larger
plateaus compared to dilute ones.
Third, the plateaus become less pronounced as the den-
sity increases. This suggests that the overshooting asso-
ciated to SRC occurs at lower momenta with increasing
ρ. One expects the nuclear medium to induce stronger
correlations and hence lead to larger high-momentum
tails as the density increases. This is particularly clear
for N3LO (right panels), where the effect is enhanced
by the strong fall-off of nd(k) above the cut-off momen-
tum. Overall, this agrees with the idea that medium-
induced SRC correlations become more relevant than
tensor-based ones in the high-density region. The domi-
nance of SRC in the high-density region could have im-
plications for neutron-star matter [19].
Different measures have been proposed to quantify the
importance of tensor correlations. The ratio of the mo-
mentum distribution of a given nuclear system to that of
the deuteron is one of such quantities. We shall refer to
this measure as a2, following Ref. [7]
2. More specifically,
we define a2 as the integrated average of the ratio in the
tensor-dominated region:
a2 =
〈
n(k)
nd(k)
〉
k=400−550MeV
. (12)
This is related, but not necessarily equal, to the proba-
bility of a single nucleon to be part of a SRC pair. Specif-
ically, a2 measures how many high-momentum nucleons
there are in the distribution with respect to those in the
deuteron. The horizontal dashed lines in Fig. 2 corre-
spond to the values of the averaged a2 for the different
NN interactions and densities. Our SCGF calculations
suggest values of a2 between ∼ 1, at low densities, and
∼ 5, at large densities. The node in the deuteron mo-
mentum distribution for Av4’ would lead to divergent
values of a2. This demonstrates once again the relevance
of tensor-induced correlations in this momentum region.
We note that changing the average integration region by
±50 MeV gives quantitatively similar results.
For all three NN interactions, the value of a2 increases
with density. The density dependence, however, is sen-
sitive to the NN interaction under consideration. As al-
ready mentioned, the plateau in the ratio of momentum
distributions also becomes less and less prominent as the
density increases. A clear minimum is however present
in all cases, which suggests that one can still characterize
the ratio in the tensor-dominated region using an aver-
age as in Eq. (12). To take into account any potential
errors in the separation between tensor and short-range
dominated regions, we have assigned a conservative un-
certainty to a2. This is represented in Fig. 2 by the
grey bands, which have been obtained as the maximum
deviation between the average and the function in the
tensor-dominated momentum range. The shaded bands
extend to momenta below the tensor-dominate region,
cover the minimum in the ratio at all densities, and are
wide enough to contain the numerical uncertainties as-
sociated with the solution of the SCGF equations. In
general, we find that the error in a2 increases with den-
sity. We still obtain, however, a meaningful increasing
trend as a function of density for all NN interactions,
which we proceed to explore further.
We show in Fig. 3 the density dependence of a2 ob-
tained for the three relevant NN forces. We note that,
in all three cases, a2 increases with density, saturating
at high densities. We find modest differences between
the potentials, which at half saturation fall in the range
a2 ∼ 2 − 2.7. Somewhat surprisingly, CD-Bonn seems
to provide the largest a2. In other words, compared to
the respective deuteron, CD-Bonn is a harder interac-
tion than Av18. As already mentioned, the error bars
2 Note that the same notation, namely a2, has also been used to
define other quantities such as cross section ratios [16, 18].
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FIG. 2. (Color online) Ratio of the nucleon momentum distribution to the corresponding deuteron distribution at high momenta.
Different columns correspond to different densities, from ρ = 0.04 fm−3 (left column) to ρ = 0.16 fm−3 (right column) in
equidistant steps. Vertical panels show different NN interactions: Argonne v18 (upper), CD-Bonn (middle) and N3LO (lower)
panels. The dashed horizontal line and grey region represent, respectively, the average and the error bar of the ratio in the
tensor-dominated momentum region, depicted by vertical dotted lines.
increase with density for all three interactions, particu-
larly for N3LO, where SRC are hardly present. A two-
parameter fit of the type a2 = b1ρ
b2 provides a range
of values b1 = 7 − 10 and b2 = 0.4 − 0.5. This yields
the range depicted in the grey region in Fig. 3, which
contains all data points and their error bars.
We compare our values of a2 to those extracted from
a recent analysis of experimental data in Ref. [16]. Each
experimental point in Fig. 3 corresponds to a different
isotope, between the deuteron and gold, where experi-
mental (e, e′p) data is available. These data have been
reanalyzed recently in the context of the connection be-
tween the EMC effect and SRC [15, 17]. Following this
analysis, we have determined the number densities of
the different isotopes by assuming a spherical liquid drop
with radius equal to the charge radius of Ref. [49]. To
this density, we have also applied a A−1A correction to
account for the excess density seen by the knocked out
nucleon, which propagates through a less dense environ-
ment. This should correspond to the so-called “scaled
nuclear density” of Ref. [16]. We note that at low densi-
ties (deuteron and triton, essentially), the experimental
data agrees well with our numerical estimates of a2. At
moderate and large densities, however, the experimental
data is well above our results. Nevertheless, the data
of Ref. [16] is obtained as a ratio of deep inelastic cross
sections rather than as a ratio of momentum distribu-
tions. The connection between the observables and the
momentum distributions is not free of uncertainties. Let
us stress, for instance, that our definition of a2 does not
account for the center-of-mass spreading of the np pair,
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FIG. 3. (Color online) Density dependence of a2, as defined in
Eq. (12). We show values obtained for three NN interactions,
with a small horizontal offset for display purposes. Experi-
mental a2 values from Ref. [16] are plotted as a function of
a rescaled nuclear density (see text for details). The shaded
region corresponds to power laws with exponents 0.4− 0.5.
a correction that can either reduce [16] or increase [18]
the values of a2 according to different theoretical mod-
els. A rescaling of the density or the theoretical values
by a factor of 2 would lead to a good overall agreement
between data and experiments.
7IV. ISOSPIN ASYMMETRY DEPENDENCE OF
SHORT-RANGE CORRELATIONS
Our results indicate a qualitative resemblance of the
one-body high-momentum components of the deuteron
and symmetric nuclear matter. We now want to inves-
tigate whether a similar resemblance is found in isospin-
asymmetric matter. Our final aim is to quantify how
much tensor-dominated correlations change with isospin
asymmetry. We use the ratios of the calculated momen-
tum distributions and the deuteron distribution as tools
to assess the isospin dependence of tensor-like correla-
tions. We show the ratio, for a fixed density of ρ = 0.08
fm−3 and different isospin asymmetries, in the upper pan-
els of Fig. 4. We have chosen this relatively low density
because in the symmetric case it still shows a clear scal-
ing. We provide results for the three realistic phase-shift
equivalent potentials.
The ratio of isospin-dependent momentum distribu-
tions reveals a noticeable dependence with isospin asym-
metry that was not apparent in Fig. 1. We find that the
neutron distribution becomes less populated as the sys-
tem becomes more neutron rich. Conversely, we observe
an increasing trend for the proton momentum distribu-
tion. Taking this population as a measure of correla-
tions, one can say that the minority species is more cor-
related. This agrees with the conclusions we drew when
investigating the depletion of low-momentum, isospin-
asymmetric components [11].
For all but the highest asymmetries in the proton dis-
tributions, the ratios evolve linearly with isospin asym-
metry. We justify this linear dependence in the Ap-
pendix, with a derivation based on the DFG formalism in
the high-momentum limit. This indicates that the asym-
metry dependence of the momentum distribution should
be given by:
nτ (k; ρ, β) = [1± γ(ρ)β]× nτ (k; ρ, 0) . (13)
where γ(ρ) is a dimensionless, density-dependent param-
eter that quantifies the isovector strength of the effective
interaction and β is the isospin asymmetry as defined in
Eq. (1). More specifically, γ should be associated with
the isovector dependence of the effective interaction in
the tensor channel. The latter parameter is negative, and
therefore the plus (minus) sign corresponds to neutrons
(protons). We have tested the validity of this asymme-
try dependence for our numerical data at different den-
sities and for a wide range of momenta. In particular,
the asymmetry dependence holds very well in the whole
tensor-dominated, k = 400 − 550 MeV range and for
all asymmetries. Factorization in an isospin asymmet-
ric medium can presumably lead to a more quantitative
justification of this linear dependence with asymmetry
[48].
The lower panels of Fig. 4 show rescaled ratios of
the asymmetric matter and the deuteron momentum
distributions. The rescaling is obtained by dividing
the asymmetry-dependent momentum distributions by
[1 ± γ(ρ)β]. The optimal γ parameter is fitted at each
density. In practice, we minimize at each asymmetry
the difference between the rescaled ratio and that of the
symmetric case. We then average over asymmetries to
find an optimal γ for both neutrons and protons at a
given density. We provide error bars for this quantity in
a similar fashion to the analysis for a2, finding the max-
imum deviations between the data and the averages. In
principle, this procedure could be followed independently
for both neutrons and protons, thus deriving an isospin-
dependent γ. Yet, we find a good agreement between
the γ parameters obtained independently. We take this
as a confirmation of the quality of our proposed linear
asymmetry dependence. We note that, after rescaling at
a given density, the residual dependence on asymmetry
in the tensor-dominated momentum range is effectively
removed. This is a rather general property, occurring at
densities as high as ρ ∼ 0.24 fm−3.
In contrast, Sargsian [21] has suggested that a scaling
of the type nτ (k; ρ, β) ∼ [1 ± β]−γnτ (k; ρ, 0) with γ ∼ 1
should be valid. We find that γ = 1 does not provide
a qualitatively good scaling of our data. In fact, it is
not easy to find a power that reproduces the ratios at all
asymmetries. We note, however, that the power-law scal-
ing reduces to Eq. (13) in the small isospin asymmetry
limit. In particular, nearly symmetric systems like stable
finite nuclei might be well reproduced by a power law in
asymmetry. Further work to validate this asymmetry de-
pendence in finite nuclei would have to be explored with
a different methodology [18, 22, 50]. We note, however,
that extrapolations to neutron-star matter require the
explicit linear dependence of Eq. (13).
We present in Fig. 5 the results of the averaged neu-
tron and proton γ computed at different densities. The
error bars represent the maximum differences between
the optimal fits of the neutron and proton distributions
at different asymmetries. Again, this is a rather conser-
vative estimate, generally larger than the fitting error of
the individual γτ . In practice, the parameters are very
close to each other for different phase-shift equivalent
interactions, which suggests that this scaling is univer-
sal and independent of the short-range components. In
other words, the isovector dependence of correlations in
the tensor-dominated region is very much restricted by
phase-shift equivalence. Moreover, the density depen-
dence of γ is similar for different interactions. In the
range of densities considered, and with the present data,
we find that the density dependence is almost linear. The
grey band in Fig. 5 corresponds to a range of regressions
with linear slopes 2.8−3.3 fm3 and origins between −0.80
and −0.85.
Overall, our results suggest that the momentum dis-
tribution in asymmetric matter within the momentum
range 400−550 MeV are proportional to the deuteron mo-
mentum distribution. Given our numerical SCGF data,
we propose the following density and asymmetry depen-
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FIG. 4. (Color online) Upper panels: ratio of the neutron and proton momentum distribution to the corresponding deuteron
distribution at high momenta. Different line styles correspond to different isospin asymmetries. The three different panels
correspond to thee NN interactions, from left to right: Argonne v18, CD-Bonn and N3LO. Lower panels: rescaled neutron and
proton momentum distributions, as discussed in the text. After rescaling, all results fall in a narrow band. Grey bands are an
error band associated to the maximum deviation in the tensor-dominated region.
dence of a2:
a2,τ (ρ, β) = b1[1± γ(ρ)β]ρb2 . (14)
We have confirmed the density dependence of the sym-
metric matter a2 using our asymmetric momentum dis-
tribution data. These are shown in a horizontal dashed
line in the lower panels of Fig. 4. The agreement with
the β = 0 case is good. The error bars are somewhat
larger, due to the additional uncertainties in the isospin-
dependent nuclear matter case.
Up to this point, we have used our results to high-
light a qualitative scaling of the high-momentum com-
ponents with the local density of the nuclear medium.
Further, one can discuss whether the momentum depen-
dence itself is sensitive to the isospin asymmetry. The
ratio of momentum distributions, nn(k)/np(k), provides
useful information on this issue. The upper panels of
Fig. 6 show the ratio at a fixed total density for different
isospin asymmetries in the tensor-dominated region. For
symmetric systems (full line), the two distributions are
the same at all momenta, as expected. When asymme-
try is switched on (xp = 0.4), one observes a well-defined
plateau in the whole high-momentum region, even be-
yond k ∼ 600 MeV. The ratio is smaller than one, indi-
cating that neutrons populate less the high-momentum
components as compared to protons, as we have already
seen. This might be relevant for heavy nuclei, which
have bulk asymmetries of this order. Both momentum
distributions have similar high-momentum dependence,
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FIG. 5. (Color online) Density dependence of the γ parameter
for the three phase-shift equivalent interactions considered in
this work. Data for each NN force have a small horizontal
offset for display purposes. Error bars have been calculated
as differences between the optimal neutron and proton γ pa-
rameters. The shaded region corresponds to linear fits with
slopes 2.8− 3.3 fm3.
but with proton populations about 15 % larger than the
ones for neutrons [21]. At the largest asymmetries ex-
plored here, similar to those found in neutron stars, this
percentage increases to ∼ 40 %.
At large asymmetries, the plateau is well defined for
Av18 and CD-Bonn, which have a strong short-range
core. The scaling is less defined in N3LO, due to the
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FIG. 6. (Color online) Upper panels: ratio of the neutron to the proton momentum distribution for different proton fractions.
Lower panels: rescaled ratio of momentum distributions (see text for details). Different columns correspond to different NN
interactions: Argonne v18 (left panels), CD-Bonn (central panels) and N3LO (right panels).
decay at momenta above 500 MeV. In all cases, the de-
parture from 1 is stronger when asymmetry increases.
The plateau in the momentum dependence also worsens
as asymmetry increases. Again, this suggests a picture
in which the asymmetry dependence of both momentum
distributions is due to the tensor effects, with protons
populating more high-momentum components as their
fraction decreases. We note that the crossing around 400
MeV is the same for all NN interactions.
A further quantitative test of Eq. (13) can be obtained
by rescaling the independent neutron and proton momen-
tum distributions with the same γ and then taking their
ratio. If all the isospin asymmetry is correctly included
in the scaling pre-factor, all lines at different asymme-
tries should fall within a narrow band. The lower panels
of Fig. 6 show the accuracy of this rescaling procedure.
We find that, after rescaling, all the asymmetry depen-
dence is removed. The ratios at different asymmetries
fall within 10 % of each other in the tensor-dominated
region. Above k ∼ 600 MeV, where SRC dominate, we
find differences for the larger asymmetry cases. This is
particularly clear for N3LO. All in all, the figure sug-
gests that the information on the momentum distribution
in one asymmetric system might be enough to extrapo-
late to other asymmetric systems. A linear extrapolation
using the universal γ parameter is enough for these pur-
poses. This procedure should work well for the tensor-
dominated region, with larger uncertainties for the short-
range-dominated region.
V. ASYMMETRY DEPENDENCE OF
INTEGRATED STRENGTH
So far, we have paid particular attention to the momen-
tum dependence of the distribution. In some cases, how-
ever, one might be interested in looking at more global,
or integrated, properties [21]. We thus now proceed to
analyze the integrated one-body strength in the high-
momentum region. This provides an insight into the
mechanisms that populate high-momentum components
and hence their importance beyond the independent-
particle model. We quantify the population using the
integrated strength,
φ2(ki, kf ) =
1
pi2ρτ
∫ kf
ki
dk k2nτ (k) , (15)
in three different momentum regions. The low-
momentum region, from ki = 0 to kf = 400 MeV, in-
cludes depletion effects as well as the shifts in the Fermi
momenta. In a Free Fermi Gas picture at ρ = 0.16 fm−3
and T = 5 MeV, the thermal depletion in this region
is very small at all asymmetries, in accordance with the
Pauli principle. The upper panels of Fig. 7 show the
asymmetry dependence of this region for both neutrons
(circles) and protons (squares). As expected, we find a
depletion of states at low momenta, with a departure
with respect to 1. The observed isovector splitting is
therefore necessarily induced by beyond mean-field cor-
relations, with neutrons becoming more and more pop-
ulated (that is, less correlated) as the system becomes
more neutron-rich. This picture is in accordance with
our previous results [11]. Av4’ data is less affected by
10
xp 0.5 0.4 0.3 0.2 0.1
Av18
Kn 41.8 42.3 44.2 44.8 45.6
Kp 41.8 41.0 40.5 39.0 36.5
CD-Bonn
Kn 35.0 36.5 38.4 39.8 41.2
Kp 35.0 33.2 31.4 28.7 25.3
N3LO
Kn 32.9 34.6 36.1 37.5 39.0
Kp 32.9 31.1 28.8 26.2 22.7
TABLE I. Neutron (proton) kinetic energy per neutron (pro-
ton) for different proton fractions. All energies are in MeV
and results for three NN interactions are shown.
isospin asymmetry compared to the data of other phase-
shift equivalent potentials. We take this as yet another
indication that tensor correlations are relevant for the
isovector dependence of the momentum distribution.
The middle panels of Fig. 7 represent the tensor-
dominated region of interest for our study. In symmetric
matter for phase-shift equivalent NN forces, this region
contains between 6− 8 % of the single-particle strength.
As asymmetry increases, however, high-momentum pro-
tons become more and more prominent. This is necessar-
ily related to the decrease in the low-momentum region,
since the overall strength is normalized. For a hard inter-
action such as Av18, and for fractions of xp ∼ 0.1, typical
of neutron-star matter, up to 10 % of the proton strength
is in this high-momentum region. Conversely, neutrons
populate less and less the region, down to 4− 5 %, as the
system becomes more neutron-rich. As we have already
seen, the quantitative details depend on the short-range
and tensor structure of the NN force under considera-
tion. The qualitative picture, however, is extremely ro-
bust. Protons become more prominent at high momenta
as their concentration decreases. In this sense, one can
say that protons are more correlated in a proton-poor
environment. The limit xp → 0 would provide further
insight, of relevance for polaron physics [51].
The lower panels of Fig. 7 illustrate the remaining
strength in the very high-momentum region, above 850
MeV. Only interactions with a very strong short-range
core, such as Av18, are able to promote particles to
this region, with typical populations of ∼ 1%. We note
that this happens also for Av4’, which indicates that
this region is insensitive to the tensor structure of the
force. The neutron-proton splitting here also becomes
very small, if at all relevant.
Finally, we want to assess the importance of high-
momentum components in a bulk quantity that depends
on isospin asymmetry. The kinetic energy is particularly
sensitive to such components [37], as it is an integral in-
volving nτ (k). We provide in Table I the values of the
neutron (proton) kinetic energy per neutron (proton) as
a function of xp. In symmetric matter, one observes the
expected ordering, with the stronger short-range core po-
tential, Av18, providing the largest values. Conversely,
N3LO, the softest interaction, produces the lowest value.
As the isospin asymmetry increases, one observes
a common trend: neutron kinetic energies increase,
whereas proton energies decrease. This indicates that,
even though protons dominate the high-momentum re-
gion, the growing contribution of neutrons in the low-
momentum area still dominates the kinetic energy. The
isovector splitting of kinetic energies is fairly symmetric
and almost linear, except for protons in the most asym-
metric region, which we take as an indication of the ap-
pearance of low-momentum thermal effects. Curiously,
even though Av18 provides the largest isovector split-
tings in the strength, it provides the lowest splitting in
kinetic energies. This has to do with the redistribution
of spectral strength as a function of momentum, which
is weighted differently in the one-body strength than in
the kinetic energy.
We also note that the total kinetic energy is the
weighted average of the proton and neutron components.
Consequently, the neutron kinetic energy dominates the
result as xp decreases. The linear dependence of the in-
dividual energy fractions suggests that the total kinetic
energy will be quadratic in isospin asymmetry. Overall,
however, the isospin dependence is rather mild, so that
the kinetic component of the symmetry energy decreases
with respect to the Free Fermi Gas case [37]. This is the
only effect that we are able to identify as correlation-
driven. Our results do not seem to suggest that the
tensor-dominated region is responsible for any dramatic
changes in total energy, at least around saturation den-
sity.
VI. CONCLUSIONS
We have reviewed the density and isospin asymmetry
dependence of the high-momentum components of the
one-body momentum distribution. The latter were ob-
tained at arbitrary asymmetries and different densities
by means of SCGF ladder calculations. These are partic-
ularly well-suited to study correlated momentum distri-
butions, as they provide fully fragmented single-particle
propagators. To avoid the arbitrariness associated with
the short-range or tensor structure of the NN potential,
we have performed calculations with a variety of inter-
actions. These include phase-shift equivalent forces with
strong and soft short-range cores and with and without
tensor terms.
Our analysis shows that if the momentum distribution
is normalized to one, the high-momentum components of
each NN force become almost universal and asymmetry-
independent. Comparing with the associated deuteron
of each interaction, we see that in-medium SRC tend
to provide larger high-momentum components than the
deuteron above ∼ 600 MeV. By taking a ratio of n(k) to
nd(k), however, we have been able to identify a region of
momentum, between 400 and 550 MeV, where the two
distributions have similar dependences. The comparison
with a tensor-free interaction indicates that this region is
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dominated to a large extent by the tensor components of
the NN interactions. The quality of the scaling of the two
distributions decreases substantially with density, due to
the increasing importance of SRC.
The tensor-dominated region of k ∼ 400 − 550 MeV
is of interest, as it is expected that the momentum dis-
tribution here is rather universal [7]. Our calculations
have demonstrated that the ratio in this region can be
characterized by a single parameter, which we refer to as
a2. This is related to the probability of finding short-
range-correlated nucleons in the medium compared to
the deuteron. The latter increases with density and is
somewhat dependent on the underlying NN interaction.
We find that CD-Bonn provides the larger values of a2,
followed by N3LO and Av18. The uncertainty in this
quantity increases with density as well, but our predic-
tions still fail to reproduce experimental values. This
could either be due to an issue with pair-counting or
with interpretation of the data. We have parametrized
its density dependence in terms of a power law of expo-
nent∼ 0.4−0.5. Interactions without tensor components,
however, produce divergent results for a2.
We observe that isospin asymmetry shifts the in-
medium momentum distributions to higher (lower) val-
ues for protons (neutrons). This indicates a prevalence
of high-momentum components of the minority species
as the asymmetry increases, which confirms previous re-
sults. Using a DFG model as a guiding principle, we have
verified that the residual asymmetry dependence in the
high-momentum region is almost linear with asymmetry.
The parameter that drives this asymmetry dependence
is negative, but approaches zero as the density increases.
Moreover, we find that this parameter is independent of
the NN interactions. This suggests that the isovector de-
pendence of correlations is rather model independent, in
agreement with previous results [11].
Finally, we have turned our attention to integrated
quantities, which also show a dependence on correlations
and asymmetry. Dividing the momentum distribution in
different regions, we find that low-momentum neutrons
are less correlated in neutron-rich matter. Conversely,
the tensor-dominated region is predominantly populated
by protons as the system becomes more asymmetric. The
isovector splittings are qualitatively similar for all inter-
actions, except for those missing tensor terms. Regarding
the kinetic energy of each component, we have found an
asymmetry dependence around saturation. However, the
redistribution of strength is such that the neutron kinetic
energy in neutron-rich systems is larger than in symmet-
ric ones. In other words, even though neutrons populate
more the low-momentum region as asymmetry increases,
this change is not as dramatic as that of the neutron frac-
tion itself. We note that this asymmetry dependence has
implications for symmetry energy studies [37].
Two-body observables can provide further insight into
the interplay of high-momentum components, tensor cor-
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relations and isospin asymmetry [18, 22, 25]. These are
beyond the scope of the present work, but they can be
generated in the SCGF framework. Access to such prop-
erties will provide further, much-needed quantitative un-
derstanding of short-range correlations in infinite and ar-
bitrarily isospin-polarized nuclear systems.
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Appendix A: Dilute Fermi gas
The DFG model provides a useful perspective into
the microscopic properties of correlated homogeneous
fermionic systems. This model is based on the low-
density Lee-Yang expansion for strongly-interacting sys-
tems. Essentially, one recasts the many-body problem
in terms of an effective, scattering matrix and uses it in
a perturbative expansion similar to Ref. [52]. The low-
energy scattering is characterized by a scattering length,
a. Expressions for the momentum distribution of unpo-
larized systems were derived up to order (kFa)
2 by Sartor
and Mahaux [24]. We are not aware of any calculations
for polarized systems using this model.
For an unpolarized system of fermions with mass m,
the momentum distribution in the region above the Fermi
surface, k > kF , is given by [23, 24]:
n(k) =
ν(ν − 1)
(2pi2)3
a2
ρm2
∫
k1>kF
d3k1
∫
k2<kF
d3k2
∫
k3<kF
d3k3
δ(3)(k + k1 − k2 − k3)[
k2+k21−k22−k23
2m
]2 , (A1)
where we have introduced the degeneracy, ν = 4(2) for symmetric (neutron) matter. We will only consider the k  1
limit of this model, which is particularly easy to compute and provides an indication of the asymmetry dependence.
For an unpolarized system, the limit can be found by noticing that the external momentum becomes larger than any
other scale in the system. Pulling it out of the integral, one finds:
n(k)→ n(k) = ν(ν − 1)
(2pi2)3
a2
ρk4
∫
k2<kF
d3k2
∫
k3<kF
d3k3 =
ν − 1
ν
8a2ρ
k4
(A2)
Similar power-law behaviors at high momenta, albeit
with different exponents, are also obtained in hard scat-
tering calculations [9] or in the electron gas [48].
Let us now consider the isospin-polarized case. The
neutron momentum distribution will be due to the scat-
tering of both neutrons with neutrons (nn) and neutrons
with protons (np). Each of these is mediated by its
own scattering scattering length. In the high momentum
limit, the distribution has the same structure as Eq. (A2)
with ν = 2:
nnn(k) =
4a2nnρn
k4
(A3)
The scattering between different particles is somewhat
different, as the internal integrals in Eq. (A1) need to
take into account the different Fermi surfaces. With this
in mind, the integral becomes:
nnp(k) =
ν2
(2pi2)3
a2np
ρnm2
∫
k1>k
p
F
d3k1
∫
k2<k
p
F
d3k2
∫
k3<knF
d3k3
δ(3)(k + k1 − k2 − k3)[
k2+k21−k22−k23
2m
]2 (A4)
Note that this contribution has a different overall degen-
eracy factor, associated to the lack of exchange in this
channel. Taking again the k  kτF limit, one finds:
nnp(k) =
8a2npρp
k4
. (A5)
Adding up the two contributions, we find the following
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expression for the high-momentum limit of the neutron
momentum distribution:
nn (k; ρ, β) =
4
k4
[
a2nnρn + 2a
2
npρp
]
. (A6)
Introducing the total density and the isospin asymmetry
parameter, Eq. (1), one finds:
nn (k; ρ, β) = n
(k; ρ, 0)× [1 + γβ] . (A7)
Here, we have introduced the high-momentum limit in
the symmetric case,
n(k; ρ, 0) =
2ρ
k4
[
a2nn + 2a
2
np
]
. (A8)
An equivalent expression to Eq. (A7) with a minus sign
holds for protons. The high momentum components of
the momentum distribution have the same k−4 depen-
dence as the unpolarized case [24]. Their overall pre-
factor, however, scales linearly with asymmetry. We have
chosen to parametrize the isovector dependence of the
scattering matrix in terms of a dimensionless parameter:
γ =
a2nn − 2a2np
a2nn + 2a
2
np
(A9)
For the 1S0 channel in NN scattering, we find γ = −0.52.
Strictly speaking, however, the DFG model should not
apply for nuclear systems around saturation densities.
Nuclear scattering lengths are large compared to kF , so
that the expansion should break down in this regime.
This signals the need of considering effective range effects
as well as other many-body techniques. Moreover, the
limit k >> 1 is not necessarily of interest in our case,
as the tensor-dominated region is not that far away from
the Fermi surface itself around saturation.
Nevertheless, the DFG model is still a useful analytic
tool that suggests scalings of correlations. If we take the
results obtained here as a guiding principle for the scal-
ing of momentum distributions with isospin asymmetry,
we find that the functional form agrees well with our nu-
merical results. We show the density dependence of the
effective γ parameter in dense matter in Fig. 5. Inciden-
tally, the DFG γ parameter has the same sign and order
of magnitude than that in our dense matter calculations
(see Fig. 5). In nuclear matter, we interpret this param-
eter as a measure of the strength of in-medium isovector
correlation effects, rather than as a ratio of scattering
lengths.
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